Abstract. The fluorescence response functions and quantum yields of four mixed crystal systems (naphthaleqe and p-terphenyl hosts: anthracene and tetracene guests) have been measured and analysed. The results are consistent with time-independent exciton transfer, and the Powell-Kepler effect is not observed. It is concluded that the latter requires higher defect concentrations.
Introduction
The addition of a small mole fraction ( - of anthracene to a naphthalene crystal, or of tetracene to an anthracene crystal, quenches the fluorescence of the host H and yields intense fluorescence of the guest G. This shows that there is efficient transfer of electronic excitation energy from 'H* to 'G*, where 'H* and 'G* are the lowest excited n-electronic singlet states of H and G. Electronic energy transfer in mixed organic crystals has been the subject of many experimental and theoretical studies, reviewed by Birks (1964 Birks ( , 1970a Birks ( , 1975a , Wolf (1967) , Powell and Soos (1975) and others. The energy transfer can occur radiatively (absorption of 'H* fluorescence by G) or by a radiationless process for which various mechanisms have been proposed.
An excited host molecule interacts with its neighbours, leading to a rapid migration of the electronic excitation energy (exciton) through the crystal lattice. The magnitude of the exciton-phonon scattering, due to interactions with the lattice vibrations, determines the nature of the exciton migration. If the scattering is small, as in a pure crystal at low temperatures, the mean free path w of the coherent exciton wave is much larger than the lattice spacing d, and the behaviour is described by the exciton band model. In this model, the exciton is delocalised over a group of molecules or, in the theoretical limit, over the whole crystal. If the scattering is large, as in a real crystal at normal temperatures, then w -d , the exciton motion is incoherent, and it is described by the exciton hopping model. In this case the exciton corresponds at any instant to the localised molecular state 'H*, and the exciton migration is a random-walk process in which the excitation energy hops between neighbouring molecules. The mean exciton migration or diffusion length L >> d , w. In a mixed crystal when 'H* approaches sufficiently close to a guest molecule G to interact with it more strongly than with the neighbouring host molecules, energy transfer occurs :
where ' HT, and 'Ga are the zero-point energies of 'H* and 'G*. and 11, is the excess vibrational energy dissipated to the lattice, so that G functions as an exciton trap of depth hG. Incoherent exciton migration is analogous to molecular diffusion in a liquid. The Smoluchowski relation for a diffusion-controlled process in a fluid solution can therefore be applied to exciton transfer in a mixed crystal. For &function excitation of 'H* at time t = 0, the excitation transfer rate parameter is where D is the exciton diffusion (migration) coefficient, and R is the interaction radius. Relation (2) may be written as
where is the photostationary component of k G H ( t ) , k g H a t -" 2 is the transient component, and
In most mixed crystal studies the transient component of k G H ( t ) is neglected, and kGH(t)( = k g H ) is taken to be time-independent. This assumption enables the fluorescence characteristics of a mixed crystal to be described using Stern-Volmer kinetics (5 3). A time-dependent rate parameter kGH(t) introduces more complicated relations (Birks 1968) . Powell and Kepler (1969) reported that for 'H*-excited tetracene-doped anthracene crystals the 'G* fluorescence rise time is faster than the 'H* fluorescence decay time. This so-called Powell-Kepler (PK) effect has been confirmed by Powell and co-workers in other mixed crystal systems under many different experimental conditions, reviewed by Powell and Soos (1975) . Soos and Powell (1972) showed that the PK effect is due to the time dependence of kGH(t), and they developed a generalised random-walk model of exciton migration and transfer in mixed organic crystals, which leads to an equation mathematically equivalent to the Smoluchowski relation (2).
The Powell-Kepler effect
The P K effect has stimulated several theoretical studies which have been discussed elsewhere (Birks 1975a ), but there have been few independent experimental studies of the effect. The PK effect has been reported (Powell and Soos 1975) to occur irrespective of (a) the crystal thickness, (b) the guest concentration, ( e ) the excitation intensity, (d) whether the crystal is excited by ionising or non-ionising radiation, and (e) the method of crystal growth. Each of these factors can influence the fluorescence behaviour of a mixed crystal.
(a) If the thickness is large, radiative migration and transfer can occur (Birks 1964) .
(b) If the guest concentration is high, it may exceed the solubility and introduce non-linear aggregation effects (Wolf 1967) .
( c ) A high excitation intensity may introduce bi-excitonic quenching processes (Kobayashi and Nagakura 1974) .
(d) Ionising radiation produces high-energy 'H** excitons, via ion recombination and excitation, and these undergo internal conversion and vibrational relaxation to yield 'H* excitons. Ionisation quenching and 'H** migration and transfer, which are absent with direct 'H* excitation, may complicate the observed behaviour (Birks 1964) . Additionally, excitation by ionising radiation produces excited states throughout the volume of the crystal, whereas uv excitation produces excitation close to the surface of the crystal only.
(e) The method of crystal growth determines the defect concentration, which influences the 'H* diffusion length L and diffusion coefficient D (Birks 1970a,b) .
In the present experiments an attempt has been made to minimise or eliminate the influence of these factors in order to study the intrinsic 'H* exciton migration and transfer processes. Observations were made on thin mixed crystals with low guest concentrations, excited by low-intensity non-ionising monochromatic radiation directly into 'H* or 'G*. The crystals were grown by the Bridgman method, which yields crystals with relatively low defect concentrations. Observations were made of the fluorescence quantum yields and response functions of four mixed crystal systems with naphthalene and p-terphenyl as hosts, and anthracene and tetracene as guests.
The Stern-Volmer relations
A mixed crystal consists of cH molecules cmP3 of H and cG (<<cH) molecules cm-3 of G, corresponding to a guest mole fraction g = cG/cH. kFH(kFG) and k H ( k G ) are the fluorescence and total decay rate parameters of 'H*('G*), respectively. q F H ( = kFH/kH) and qFG( = kFG/kG) are the 'H* and 'G* fluorescence quantum efficiencies, respectively.
The following Stern-Volmer relations are valid if kGH(t) is time-independent (Birks 1970a,b) . The 'H* and 'G* fluorescence quantum yields of a mixed H/G crystal with 'H* excitation are, respectively, and their ratio is The parameter a G H k&cH/kH (9) is the Stern-Volmer energy transfer coefficient. The fluorescence response function (FRF) describes the time dependence of the fluorescence quantum intensity following &function excitation at t = 0. For a pure host crystal (g = 0)
For a mixed crystal with 'H* excitation, the FRF of 'H* and 'G* are, respectively,
The observation k$ > k; is the P K effect (Powell and Kepler 1969) , which is due to the time dependence of k G H ( t ) (Soos and Powell 1972) . A time-dependent k G H ( t ) leads to much more complicated expressions for the fluorescence quantum yields and response functions (Birks 1968 ).
Experimental
The following compounds were studied
The materials were zone refined, and their purity was checked by observations of the solution absorption spectra and the crystal fluorescence spectra. Pure (H) and mixed (H/G) crystals were grown in a Bridgman furnace. Batches of ten mixed crystals, with values of g between were prepared for each H/G combination. All fluorescence measurements were made with front-surface excitation and observation on crystals of 1 mm nominal thickness, to minimise the effects of radiative migration and transfer.
The fluorescence spectra were observed with a corrected fluorescence spectrometer (Hamilton 1966 , Al-Obaidi 1975 , which measures the relative fluorescence quantum intensity as a function of wavenumber. The response was calibrated using a calibrated and quartz-iodine lamp (Eppley Laboratories type DXW, No EPI-1542) to an overall accuracy better than 5%. Relative quantum efficiencies were calculated from the integrated spectra, using the absolute quantum efficiencies of anthracene (0.30) and tetracene (0.17) from Birks (1970a) to establish an absolute scale.
The fluorescence response profiles (FRP) were observed with the single-photon, double-monochromator, fluorometer described by Birch and Imhof (1977) . The data were analysed by two computer programs, which use a non-linear least-squares method with a 1 1 ' quality of fit criterion to match the observed FRP to a calculated function,
A is the background count, B is a constant, I ( t ) is the observed excitation light pulse profile, i(t) is the FRF (&function excitation), and the asterisk denotes a convolution (Birch and Read 1977) . Two forms of i(t) were considered:
corresponding to iH(t) (10) and ic(t) (15); and
If the Stern-Volmer relations ($2) are valid, then i;i(t) (11) and i g ( t ) (12) correspond to (17a) and (17b), respectively. The following abbreviations are used : I,,, excitation wavelength; Lobs, observation wavelength; CFS, corrected fluorescence spectrum; FRF, fluorescence response function (&function excitation); FRP, fluorescence response profile (observed); F(t), fluorescence response profile (fitted).
Results and analysis

Naphthalene/anthracene
The CFS of ten mixed N/A crystals were observed with iex = 303nm. A typical CFS is shown in figure 1 . 4$A/f$FN was observed to be proportional to g, consistent with (8), and a mean value of = 1.28 x 104 was obtained, taking qFN = 0.64, @ A = 0.30.
The fluorescence decay parameter of a pure N crystal (Lex = 315.9 nm, %obs = 350 nm) was found to be kN = 1.04( k0.02) x lo7 S K I .
The FRP of a mixed N/A crystal, g = 2 x was observed under three conditions. is obtained.
Naphthaleneltetracene
The CFS of ten mixed N/T crystals were measured with iex = 303 nm. 4 & / d F N was found to be proportional to g, and a mean value of GTN = 1.30 x io4 was obtained from (8), taking qFN = 0.64, qFT = 0.17.
p-terphenyl/anthrncene
The CFS of ten mixed P/A crystals were measured with ,lex = 303 nm. (bgA/&p was found to be proportional to g, and a mean value of GAP = 3.6 x 104 was obtained from (8), taking qFP = 0.94, qFA = 0.30.
p-terphen~l/tetracene
The CFS of ten mixed P/T crystals were measured with lex = 303 nm. &T/&p was observed to be proportional to g, and a mean value of GTP = 2.9 x 104 was obtained from (8) taking qFP = 0.94, qFT = 0.17.
The fluorescence decay parameter of a pure P crystal (Iuex = 315.9 nm, iobs = 370 nm) was found to be k, = 4.00(+0.17) x loss-'.
The FRP of a mixed P/T crystal, g = 1.25 x was measured with indirect excitation of the IT* fluorescence by energy transfer (,lex = 315.9 nm, ,lobs = 530 nm). The results are shown in figure 3 . The points are the FRP data, and the solid curve is F ( t ) from (16) and (17b), with values (12) of kg = 5.44 x lo8 s-' and k, = 6.62 x lo7 s-'. From kg, k,,'g and (14) a value of GTP = 2.9 x io4 is obtained.
Discussion
Present results
The results are all consistent with the Stern-Volmer kinetic relations which assume a time-independent exciton transfer parameter k&. (d) k; = 1.30(+0.06) x lo7 s -l and kl; = 1.40(&0.04) x lo7 s -l are equal within the error limits, which are evaluated by the computer analysis. From the cumulative evidence it is concluded that kGH(t) is time independent within the experimental error, The interaction of a free exciton 'H" with its immediate neighbours is much greater than with more distant molecules. Hence on the hopping model the exciton migration and transfer are between nearest neighbours. The exciton transfer rate kzHc, is diffusion controlled, i.e. determined by the exciton migration rate or hopping frequency k;-fH, so that
from (9).
The similar values of G~~ (1.28 x lo4, 1.25 x lo4) and oTN (1.30 x lo4) observed for N/A and NIT crystals, respectively, indicate that gGN is a property of the naphthalene host, and independent of the nature of G. Taking a mean value of oGN = 1.28 x lo4 and k , = 1.04 x lo7 s-', (18) gives
for the 'N* exciton hopping frequency. For crystal naphthalene cN = 5.8 x 10" molecules cm-3, so that kgX = 2.29 x lo-'' cm3s-'.
The values of oTP (2.9 x lo4, 2.9 x lo4) and oAP (3.6 x lo4) also agree within the experimental error. The self-consistent oTP values are probably more reliable, because p-terphenyl and tetracene have similar molecular dimensions which should minimise guest-induced defects. Taking oTP = 2.9 x lo4, kp = 4 x lo8 s-', (18) gives
for the 'P* exciton hopping frequency. The ratio kbP/kLN -lo2 is consistent with the relative oscillator strengths of the 'H* c H transitions in p-terphenyl and naphthalene which determine the magnitudes of the exciton interactions (Birks 1970a ).
kgH and kgHat-"2 are the photostationary and transient components of kGH(t), respectively (3). These components are equal in magnitude at a time
after &function excitation of 'H*. Equations (19) and (4) combine to give
At -50 ps is estimated as the maximum possible value of At in the present experiments. For naphthalene, kgH = 2.29 x lo-'' cm3s-', so that from (20) and (19) D 3 2.8 x l o p 5 em's-'.
The value of R is consistent with collisional exciton transfer.
Injuence of traps
All crystals contain defects and a few ppm of 'natural' impurities (e.g. 2 methyl N and thionaphthene in N). These defects and impurities act as 'H* exciton traps (Birks 1970a,b) . In crystal anthracene the trap depths h range from zero to over 2300 cm-', with the majority of the traps being shallow, i.e. h - 100-200 cm-' (Helfrich and Lipsett 1965) . The influence of these traps on the fluorescence of crystal anthracene has been discussed by Birks (1970b Birks ( , 1975a . The guest in a mixed H/G crystal is usually chosen to act as a deep exciton trap of depth hG = 'H,*-'G,* (1). The values of hG (in lo3 cm-') are 4.6 for N/A, 10.4 for N/T, 2.8 for P/A and 8.6 for P/T. The inclusion of G may introduce guest-induced defects into the host crystal, which act as shallow traps (Birks 1970a) . In a mixed H/G crystal, in the absence of defect traps, the following processes compete for the 'H* excitation:
(i) 'H* migration to a neighbouring H molecule. rate k;lH; (ii) 'H* fluorescence or radiationless decay, total rate k,; and (iii) 'H* radiationless dipole-dipole transfer to a guest molecule G, rate kLH(r), where kbH(r) = kH(RO/r)6.
(21) r is the 'H*-G separation distance, and R, is the critical transfer distance determined by the overlap of the 'H" fluorescence and G absorption spectra (Forster 1949) .
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For a naphthalene host kkN = 1.33 x lo1' s-' and k, = 1.04 x lo7 s-'. Taking a typical value of R , = 5d (-30 A), where d is the lattice spacing, kk,(d) = 1.6 x 10'2s-1, khN(2d) = 2.5 x 10'os-', kA,(3d) = 2.2 x 109s-', kLN(4d) = 4.0 x 108s-', k&,(5d) = 1.04 x lo7 s -' from (21). Thus kLY(d), which corresponds to exciton transfer between adjacent N and G molecules, is the only process faster than exciton migration kf*1, in a mixed N/G crystal, which is relatively free of defect traps.
The presence of defect traps reduces the rate of exciton migration. For a trapped exciton 'X" the rate of process (i) is reduced to
Shallow traps ( h -k T ) act as temporary hindrances to the 'H* migration. 'H" is captured by the trap and then thermally released, but the process is slower than the free 'H" hopping frequency k;lH by the factor exp( -k/kT). The effect is equivalent to a viscous restraint on the 'H" exciton migration, which reduces the effective value of k;iH, the mean 'H* diffusion coefficient ( D ) , and the exciton mean free path L. The experimental values of these parameters for real crystals are inherently lower than those for perfect defect-free crystals.
Deep traps of h >> kT reduce k;Ix considerably, and they effectively terminate the 'H* migration, since the probability of thermal escape during the 'X* lifetime is small. The trapped exciton 'X" decays by (ii), or transfers its excitation energy to G by process (iii). Process (iii) is dominant if r < R,, and process (ii) is dominant if I' > R,. For a mixed H/G crystal, where there is a distribution of r values, the mean energy transfer probability (k&,(r)) from the deep 'X* traps is time dependent (Birks 1968 ) and the mean interaction radius ( R ) exceeds the lattice spacing d.
The overall effect of defect traps is a decrease in the mean 'H* diffusion coefficient ( D ) with increase in trap density and trap depth. The analogous case of the influence of the molecular diffusion coefficient D ( c c l /~, where y is the viscosity) on solutesolute energy transfer in fluid solutions has been considered by Birks and Georghiou (1968) . There are three regions of behaviour. In (a) the donor fluorescence decay is exponential (11). In (b) and ( e ) it is nonexponential.
The present results are consistent with (a). It is concluded that the trap density in the crystals studied does not reduce ( D ) sufficiently for the transient term in k G H ( t ) (2) to become significant within the time resolution (At -50 ps) of the measurements. Similar results have been obtained by Kohler et a1 (1976) who observed the fluorescence response functions of pure N and mixed N/A crystals between 1.5 and 300 K. The mixed crystals had low guest concentrations, were excited by low-intensity non-ionising radiation, and were grown by the Bridgman method, as in the present study. Above 60 K the mixed crystal fluorescence was found to obey Stern-Volmer kinetics. Deviations from this behaviour occurred at lower temperatures where the effect of traps becomes more important, due to the increase in h/kT. The recent results of Campillo et al (1977) on tetracene crystals doped with pentacene, studied with picosecond laser pulses, are also consistent with (a).
These results contrast with the high values of At -10 ns for N/G and A/G crystals mot0 1967).
at room temperature obtained by Soos and Powell (1972) , which are indicative of type (b) or (c) behaviour. They reported values of D a factor of about 10' less than those of other observers, and values of R of up to 10 times the lattice spacing, and they postulated extended trapping regions to explain their data. All these features indicate a much greater and/or deeper defect trap density than in the mixed crystals used in the present experiments or in those of Kohler et al (1976) . It is concluded that the P K effect, like several other phenomena in organic molecular crystals, is a property of the defect traps and not of the host or guest.
